The frequent and time-independent packet loss due to signal noise in the wireless network has been a major obstacle in providing a persistent end-to-end bandwidth in the integrated environment of wired and wireless networks. One approach to cope with this is to develop an efficient transport mechanism which appropriately adapts to the dynamics of the wireless part of the network so that the end-to-end throughput is maximised. The success of new transport mechanisms depends on the quality of information obtained, in particular, from the wireless network. This paper presents a novel mechanism to assess accurately the transmission quality of the wireless part of the integrated CDMA2000 1X networks using the NAK rate obtained from the underlying RLP protocol stack. The experiment results show that the proposed mechanism correctly measures the wireless transmission quality of the CDMA2000 1X network. key words: CDMA2000 1X, wireless quality assessment
Introduction
Recent advances in wireless and mobile networking technologies have enabled new kinds of Internet-based applications such as MMS (multimedia messaging service) or video streaming even on cellular phones [1] . The wireless applications typically run on protocol stacks which span both the wired and wireless part of the integrated network. Unlike the fixed-line wired networks, the transmission quality of the wireless part of the networks depends on many parameters. For instance, the signal noise and hand-off are among the parameters which cause frequent packet losses and transmission delay in wireless network. From the application point of view, the end-to-end network throughput is of prime interest. Hence, in order to maximise the throughput a new transport mechanism which appropriately adapts to the dynamics of the wireless network is required. Its successful development depends on how well the performance characteristics of the wireless part of the network is monitored and understood in practice.
There have been research efforts to characterise the data transmission quality in the integrated environment of wired/wireless networks. WTCP [2] and TCP-probing [3] Manuscript received April 6, 2004 suggested probe packet mechanisms to evaluate the overall transmission quality of wired/wireless networks. The probe packets are periodically transmitted between the end points, and the packet loss rate as well as the round-trip delay are used as key metrics to evaluate the current network status. The probe-packet based approaches are simple, but as they envisage the entire network it is difficult to isolate and monitor the wireless part of the network. More specific methods towards the performance characterisation of the wireless network include approaches to classify the source of packet loss according to some measures in the wireless end point. Biaz and Vaidya [4] proposed an algorithm, based on the inter-arrival time of the packets at mobile terminal, which differentiates the packet loss in the wireless network from the congestion loss in the wired network. Tobe et al. [5] also proposed a similar mechanism based on RoTT (relative oneway trip time). Although these kinds of specific methods to differentiate the cause of the packet loss are meaningful, it is practically difficult to apply the theory directly to the field due to the practical reasons. When the wireless connection to the mobile terminal is detected not optimal, the base station amplifies its signal strength in an effort to transmit data as correct as possible to the mobile terminal [6] . Also, the protocol stack in the mobile terminal (i.e., the RLP protocol in CDMA2000 1X) enables the selective packet retransmission in the case of the RLP packet losses [7] . These kinds of low-level packet delivery efforts in CDMA2000 1X reduce the application-level packet loss. Therefore, monitoring the packet loss behaviour simply in application-level may not be the correct way of determining the quality of wireless networks. The contribution of this paper is to propose a performance metric which enables the accurate monitoring of the transmission quality of the wireless CDMA2000 1X networks. The end-to-end measurements of the packet loss or the round-trip delay in application level are too abstract to characterise the performance of the wireless network accurately. Direct measurements of the performance parameters in hardware-level at the base station would be alternative, but it requires special hardware equipments as well as the accessibility to the sites. In our work, we have focused on the protocol stack of CDMA2000 1x network. In particular, the radio link protocol (RLP) which is used as a link layer protocol in CDMA2000 has been extensively studied and the NAK rate in mobile terminal is chosen as the metric for assessing the quality of the wireless networks.
The paper is structured as follows: Sect. 2 proposes the
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use of RLP NAK rate to assess the transmission quality of the CDMA2000 1X networks. Section 3 evaluates the proposed mechanism based on real experiments. Section 4 concludes our work.
The RLP NAK Rate
CDMA2000 1X uses RLP as its link layer protocol [10] . RLP adopts a selective packet retransmission mechanism to provide the quality of data delivery. The RLP stack running in the base station assigns a sequence number for each frame to be transmitted to mobile terminal. Upon receiving a RLP frame, the mobile terminal checks the sequence number for frame loss. If a frame loss is detected or the content of the received frame is corrupted, a NAK frame is sent back to the base station upon which the corresponding RLP frame is retransmitted. The retransmission is requested three times at maximum. If the frame delivery fails eventually, rest of the successfully-received frames are delivered to the upper layer where a delivery error is reported. The quality of wireless data transmission influences the end-to-end throughput [8] . The frame delay in the link layer causes the bandwidth reduction in the application layer and the overall throughput of the wired/wireless network would therefore decrease. The delay in frame relay is caused by the following reasons. First, since the RLP frame loss and corruption rate would increase along the deterioration of network conditions, the NAK frames are frequently issued. The recovering process causes a delay in the frame delivery. The time-out mechanism for retransmission further aggravates the delay as the mechanism is based on the number of frames received, not on just timer [9] . Second, the RLP initialisation process incurs overheads. Due to the simple protocol structure of RLP, the RLP session should be initialised whenever an exceptional case arises. The process initialises various state parameters and discards the relevant RLP frames both in the base station and mobile terminal. It all contributes to the latency in the link layer.
The RLP frame loss detected at mobile terminal can be used as a good indicator for the transmission quality of the wireless network because the feature is only applied to the wireless part of the network; i.e., between the base station and mobile terminal. In our work, the NAK frame behaviour monitored at mobile terminal is chosen as the primary metric for assessing the quality of the wireless networks. The casual way of RLP implementation on mobile terminal collects and stores at run-time the number of single NAKs, double NAKs and triple NAKs -in addition to the total number of RLP frames received for a given session. As this information is obtainable from mobile terminal in software, a simple metric is introduced to define the RLP NAK rate (RNR, hereafter) as follows:
Here, N stands for the total number of RLP frame received, Nak 1 the number of single NAKs, Nak 2 the number of double NAKs, and Nak 3 the number of triple NAKs. w 1 , w 2 and w 3 are the weights given to each NAK parameter. There are many ways to assign weights to w i , but in our work w 1 = 1 2 , w 2 = 2 2 and w 2 = 3 2 are used for the definition of RNR. The main rationale behind this is to give more weights to the case where the packet retransmission is repeated heavily, based on the thoughts that the degraded quality of wireless network is reflected with a bigger weight.
Experiments
A real experiment has been conducted to validate the proposed method in a commercial CDMA2000 1X network available to us † . The experiment requires a server and a mobile terminal. The server which is located at the wired part of the network pushes data to mobile terminal via CDMA2000 1X network. The mobile terminal used in our experiment is a notebook computer with a wireless connection via a CDMA2000 1X cellular phone. We have benchmarked the end-to-end TCP performance in the experiment. The nttcp [11] program is used to measure the transfer rate of a TCP connection. tcpdump [12] and tcptrace [13] are used to collect and analyse the actual data.
Our first experiment is to show the appropriateness of using RNR, the proposed metric in our work, as the metric to measure the transmission quality of the wireless network. For this experiment, we have located the server at the core of the carrier network so that the chance for network congestion in the wired part of the network is minimised. By excluding the potential effect of the wired network as much as possible, the observed performance in the experiment can largely be regarded as the outcome of the wireless part of the network. The experiments are conducted in two different locations where the signal qualities of the mobile terminal are widely varied. This is to clarify the effect of wireless network on the overall end-to-end transmission quality. In the CDMA system, Ec/lo and RSSI are two important parameters denoting the signal purity and the signal strength of mobile terminal [10] † † . When the RSSI value is greater than 90 dBm and the Ec/lo value is −15 dB ∼ −10 dB, the network state is considered unstable. With the values of RSSI and Ec/lo lower than 90 dBm and −10 dB each, however, the network is considered stable. We have purposely selected two particular locations: one with good signals (RSSI: 80 dBm ∼ 90 dBm, Ec/lo: −5 dB ∼ −10 dB) and the other with bad signals (RSSI: 95 dBm ∼ 110 dBm, Ec/lo: −15 dB ∼ −10 dB). For benchmarking tests with nttcp, three different packet sizes (512 Bytes, 1024 Bytes, and 4096 Bytes) are used and each experiment run consists of 1,000 packet transmissions. We have conducted five runs per each packet size both at the stable and the unstable locations.
The RLP NAK rate has been measured at the mobile † We have accessed the SK Telecom's CDMA2000 1X network, which is deployed national-wide in the Republic of Korea.
† † Ec/lo and RSSI values are obtained in mobile phones at debugging mode.
terminal. In addition, the round-trip time (RTT) as well as the throughput are measured at the server in order to analyse the effectiveness of RNR. We first tried to find any correlation between RNR and RTT, and also between RNR and throughput. Figure 1 shows the performance relationships. The figures reveal several facts. The RTT vs. RNR graph shows that RNR indeeds influences RTT, but its correlation is not strictly proportional. Specifically, the cases exhibiting small RTTs are tightly grouped around 1.6 seconds of RTT with less than 0.3% of RNR, whereas RNRs are widely dispersed with the values above 0.8% at around 3 seconds of RTT. Although there is a trend between RNR and RTT, it is not clear from the figure that RTT could, instead of RNR, be used as the metric for the wireless quality. Meanwhile, the throughput vs. RNR graph illustrates that low RNR definitely induces good throughput and the throughput is largely dependent on RNR. This validates the argument that the RLP NAKs occurred in the link layer would actually cause the transmission delay in higher level and consequently a decreased overall throughput. From the figures, we can clearly state that the transmission quality of a mobile terminal can be determined by RNR and considered good if its RNR is lower than the threshold value of 0.3% in our particular case. Now, knowing that RNR correctly distinguishes the transmission quality of CDMA2000 1X, we have conducted further experiments to support our belief that the end-toend application level RTT is not appropriate to characterise the quality of wireless network. For this experiment, we have deliberately located the server at a sub-optimal place where its network connection is not stable as the case in the previous experiment and hence the available bandwidth is likely to be affected by many factors in the wired part of the network. In this setup, if the RTT measured at the server is still correlated to RNR obtained at mobile terminal, we would say that RTT can be used instead as the metric for the wireless quality. Figure 2 shows the measured RTT and throughput against RNR. Here, one noticeable observation compared with Fig. 1 is that RTTs and the throughputs are uniformly and randomly distributed between 3 ∼ 13 seconds even when RNRs are less than 0.3% (i.e., in the situations where the wireless quality is considered good). From these experiment results, we can conclude that using RTT as a metric for the quality of wireless network in wired/wireless networks is not feasible because RTT alone cannot isolate the performance characteristics of the wireless part of the network in the wired/wireless network. The key reason is that RTT is affected by the various factors such as the congestion and others in the wired part of the network. Apart from RTT, we have also compared RNR with other metrics which can possibly be used for the assessment of the quality of wireless network. Three metrics are further evaluated in our experiment: RSSI, Ec/lo, and the packet retransmission rate. Figure 3 summarises the performance comparison. RSSI and Ec/lo can be considered as the indicators for the wireless quality since they denote the signal quality of the wireless network, but as shown in the top figure, the correlation between these and throughput is not strong † . The measured performance does not necessarily coincide with the quality of network connections. For instance, there are cases even in the weak signal regions (i.e., low Ec/lo) that the throughput is as good as in the good connection, and vise versa. The reason is that in a weak signal region the base station makes an effort to recover packet loss and increases the signal quality in order to transmit data correctly to mobile terminal. This way, the achieved throughput can still be high although the detected signal quality at mobile terminal is low. The packet retransmission rate (PRR, hereafter) is another alternative. PRR is defined as the number of retransmitted packets over the total † Since RSSI vs. RNR has the same performance distribution as Ec/lo vs. RNR, we have only shown the results on Ec/lo in the figure. number transmitted packets. It is an application level metric and can be measured at the server with tcptrace. The figure in the bottom shows the measured pattern of PRR along the throughput. As there exist frequent cases where throughput is good even with relatively high PRR and vice versa, we can conclude that there is no clear correlation between PRR and throughput. Meanwhile, as previously shown in Fig. 1 , RNR strictly divides the throughput; i.e., smaller than 0.3% for the good throughput and bigger than 0.8% for the bad throughput. This clearly shows that RNR is the right metric, compared with others, to identify the quality of wireless network.
Conclusion
The core observation we have had in our work is that the end-to-end throughput of the wired/wireless networks is influenced by the transmission quality of the wireless part of the network, but the wireless quality cannot accurately be measured by the packet loss or the round-trip delay in an application level at end points. We have instead noticed that the frame delivery in the link layer of CDMA2000 1X networks experiences delays because of the frequent packet retransmissions as well as the protocol initialisations when the signal quality is not good. Hence, by observing the RLP NAK behaviour at mobile terminal, we believe that the transmission quality of the wireless network can correctly be monitored and consequently RNR can be used for the highlevel network control appropriately. This claim has been experimentally validated in our work.
The current work has been centered on finding of the right metric to understand the performance characteristics of the wireless network. Based on this metric, an improved transport mechanism for wired/wireless networks needs to be developed. The mechanism should maximise the endto-end network throughput based on the aggressive use of the performance parameters obtained from the wireless part of the network. Developing this mechanism remains as our future work.
